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Quantitative Predictivity of Carcinogenicity
of the Autoradiographic Repair Test
(Primary Hepatocyte Cultures) for a Group
of 80 Chemicals Belonging to Different
Chemical Classes
by Claudia Bolognesi,* Maurizio Taningher,* Silvio Parodi,*
and Leonardo Santi*

In this work we have investigated the correlation existing between a short-term genotoxicity test (DNA
repair in rat liver cells) and carcinogenicity in rodents. The work is in the framework of a line of thinking
that considers as a possibility the utilization of the quantitative component of the information obtained
from genotoxicity tests.

In a preliminary report for 25 compounds belonging to different chemical classes, a correlation coefficient
of 0.36 was found between carcinogenic potency in small rodents and potency in autoradiographic repair.
This level of correlation is comparable with similar levels found for many other short-term tests: Ames
test, alkaline DNA fragmentation in vivo, DNA adducts in vivo, morphological transformation in vitro
and SCE induction in vivo. Obviously, since only 25 compounds were examined, assessment was rather
uncertain, and the subdivision of the set into subsets for different chemical classes would have generated
groups too small for a meaningful statistical analysis.
With a much larger set (80 compounds) we hoped to be able to discriminate different predictivities for

different chemical classes. This seems important because the test could be much more suitable for one
given class than for another. Previous investigations with different short-term tests have shown that these
differences can indeed exist and be very great. In this respect it is potentially very encouraging that the
test considered here showed a fair correlation with carcinogenic potency for aromatic amines. Many other
tests that we have examined so far have shown little or no predictivity for this important class of chemicals.

Introduction
In previous works we have discussed at length the

possibility of utilizing the quantitative component of the
information obtained from genotoxicity tests in the
presence of high levels of statistical "noise" (1-16).
Among the works listed, a more comprehensive discus-
sion of these problems is given. In the present work,
this possibility will be given as a postulate, and we will
analyze the degree of correlation with carcinogenic po-
tency ofthe responses obtained in a specific genotoxicity
test: autoradiographic repair in primary cultures of liver
cells in vitro. The results obtained will be compared
with the ones previously found for other short term
tests.

In a preliminary work we investigated the quanti-
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tative predictivity of carcinogenicity for this test (1).
The average level of predictivity (r = 0.36) was similar
to that observed for other tests (2).
Owing to the relatively small number of compounds

examined (25 chemicals), it was impossible to investi-
gate the predictivity of the test for specific classes of
chemicals. We have already observed that quite fre-
quently a test can be highly predictive for a specific
class of chemicals but not predictive at all for others
(3,7,16). It therefore seemed of interest to investigate
possible differences in predictivity for different chem-
ical classes on a larger group of chemicals (80 com-
pounds).

Sources of Data and Criteria for
Evaluation of Potency
The studies utilized as the source of the autoradio-

graphic repair data were obtained from Probst et al.
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(18-20) and from Williams et al. (21-24). The methods
for obtaining the hepatocytes were very similar for the
two groups. The major differences in the execution of
the experiments were related to the length oftreatment
and repair, length of exposure time of the emulsion in
the dark, and specific activity of tritiated thymidine.
We were able to take into account all those factors in
the formula used for the evaluation of the potency of
the response. The formula used was the following:
Unscheduled DNA repair index (UDI)

Grains per nucleus x CF
Cf(T1, T2)T3

where CF is a correction factor for specific activity and
concentration of tritiated thymidine, C is the concen-
tration of the chemical tested in mmoles, T1 is the length
of treatment in hours, T2 is the length of repair in hours,
and T3 is the exposure time of the emulsion in the dark
in days. Both authors used 10 ,XCi/mL of labeled nu-
cleoside. CF was fixed arbitrarily at 1 when the specific
activity was 22 Ci/mmole.
For specific activities between 50 and 70 Ci/mmole,

CF was fixed at 0.6, taking into account not only the
higher specific activity but also the lower concentration
(25).
For both authors, T, and T2 coincide. In different

experiments T, and T2 = five or 18 hr. For a compu-
tation off (Tl, T2), when both tritiated thymidine and
the chemical under study are present at the same time
in the medium, we have followed the mathematical
treatment described elsewhere (26). Assuming that the
half-life of damage is much longer than the time allowed
for repair, then, making t = T, = T2, the amount of
repair will be proportional to t2 [see eq. (6) of Parodi
et al. (26)]. If, on the contrary, the half-life of damage
is assumed to be much shorter than the time allowed
for repair, then the amount ofrepair will be proportional
to t [see equation (7) of Parodi et al. (26)].
For t = 5 or 18 hr, t2 will be equal to 25 or 324 hr.

Dividing these two numbers by 2.5 we obtain 10 and
129.6, respectively. Considering that we move from the
limit of eq. (6) in direction of the limit of eq. (7) for
longer times of repair, we approximated the second
value to 100. For f(Tl, T2) we used the proportional
numbers 10 and 100, respectively, in order to simplify
most of the computations. It is worthwhile to underline
that different considerations could have changed some
of the values attributed tof(T1, T2) by an order of mag-
nitude of at most two to three times. This variation
seems negligible in respect to the differences in UDI
potencies, that can span a range of three to four times
log10.
Two types of emulsion were used in these studies:

NTB and NTB2. Provisionally, no correction was in-
troduced to take in account this difference. For the eval-
uation of the carcinogenic potencies, we utilized two
sources of data: data elaborated by our group (3) and
data elaborated by Peto and co-workers (27,28).

This second set of data was normalized according to

our formula, transforming their tumor dose 50 into our
oncogenic potency index, taking into account correction
factors related to food intake and body weight estima-
tions. The formula finally used was the following:

Oncogenic Potency Index (OPI) = - )
Dt

according to Meselson and Russell (17); I is the incidence
of animals with at least one tumor, over controls; D is
dosage in mmole/kg/day equivalent to the total dosage
divided by 730 (730 -2 year exposure); t is the average
duration ofthe experiment (time unit = 2 years) (16,17).

Results and Discussion
For computation of OPI and UDI data, in the frame-

work of the same experiment, the dosage generating
the highest potency was selected.
When, for the same compound, different experiments

were available, we calculated the arithmetic mean of
the different results. Correlations were made using
log1o of OPI and UDI values. The potencies obtained
for the different compounds are listed in Table 1. The
compounds were divided into different subclasses, ac-
cording to their chemical structure.
In Table 2 we show the overall correlation values and
values for individual chemical classes. In order to verify
if our data may not be approximately normally distrib-
uted, in Table 2 the different correlations were also
analyzed by using the nonparametric Spearman's rank
correlation coefficient (31). The results obtained were
globally very similar and their statistical significance
was also very similar to the statistical significance of
the correlation coefficient r obtained with the paramet-
ric method.
As expected the efficiency of the nonparametric

method is slightly lower than the efficiency of the par-
ametric statistics. As a consequence the levels of sig-
nificance were slightly reduced using the Spearman's
rank correlation test.
From the experience of this work and from the ex-

perience of previous works in which other short-term
tests were correlated with carcinogenicity (1-3,12), it
appears that both OPI and test potencies have essen-
tially a lognormal distribution. As a consequence, par-
ametric statistics are acceptable only applied to the log-
arithms of the potency values.
The same results are also shown in Figure 1. The data

were subdivided into two subsets both for OPI and UDI:
compounds above and below median value.

In the case of a perfect correlation, 50% of the com-
pounds should be in quadrant C and 50% in quadrant
B. With a correlation level of - 0.3 only 66% of com-
pounds are correctly placed in quadrants C + B.

This elaboration gives an idea of the correspondence
existing between a qualitative and a quantitative ap-
proach. It suggests that the quantitative approach is
feasible even in the presence of a level of statistical
"noise" that is also very relevant from a qualitative point
of view.
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Table 1. Potencies of the compounds examined.

No. Chemicals CAS Log(OPI)a Ref. Log(UDI)b Ref.
Polycyclic aromatic hydrocarbons
1 Benzo (a) pyrene 50.32.8 2.96 (3) 1.26 (18,24)
2 Dibenz (a,h) anthracene 215.58.7 2.32 (3) - 0.0610 (18,19)
3 3-Methylcholanthrene 56.48.5 2.33 (3) - 0.866 (18)
4 Benzo(a)anthracene 56.55.3 - 1.50 (3) - 0.810 (18)
5 7,12-Dimethylbenz(a)anthracene 57.97.6 4.36 (3) 1.18 (21)
Aromatic amines
6 2-Acetylaminofluorene 53.96.3 3.01 (3) 1.83 (18)
7 4-Acetylaminofluorene 28322.02.3 - 1.50 (3) - 0.682 (21)
8 Acridine orange 494.38.2 - 1.50 (3) 1.47 (18)
9 2-Aminoanthracene 613.13.8 3.92 (3) 1.29 (18)
10 2-Naphthylamine 91.59.8 0.340 (3) - 0.0506 (18)
11 1-Naphthylamine 134.32.7 - 0.240 (3) - 1.04 (18)
12 4-Aminobiphenyl 92.67.1 1.51 (3) 1.73 (20,22)
13 2',3-Dimethyl-4-aminobiphenyl 13394.86.0 2.35 (3) 0.335 (22)
14 Benzidine 92.87.5 3.07 (3) 1.13 (18,22)
15 4-Aminoazobenzene 60.09.3 - 0.955 (3) - 0.211 (18)
16 N,N'-Dimethyl-4-aminoazobenzene 60.11.7 1.61 (3) 0.0481 (18,24)
17 3-Methyl-4-dimethylaminoazobenzene 55.80.1 2.72 (3) 0.396 (18)
18 Aniline 62.53.3 - 1.42 (3) - 3.40 (1)
19 2-Nitro-p-phenylendiamine 5307.14.2 1.42 (27,28) - 3.11 (18)
20 4-Nitro-o-phenylendiamine 99.56.9 - 1.50 (27,28) - 2.48 (18,24)
21 Anilazine 101.05.3 - 0.40 (27,28) - 1.32 (20,24)
22 4,4'-Methylenebis (2-chloroaniline) 101.14.4 0.687 (27,28) - 1.12 (24)
23 4,4'-Methylenebis (N,N-dimethyl)-benzenamine 101.61.1 0.05 (27,28) - 0.223 (24)
24 p-Chloroaniline 106.47.8 0.521 (27,28) - 0.701 (20,24)
25 Anthranilic acid 118.92.3 - 0.635 (27,28) - 2.64 (20)
26 p-Phenylenediamine - 2HCl 624.18.0 1.30 (27,28) - 1.36 (20,24)
Nitroso compounds
27 Dimethylnitrosamine 62.75.9 3.13 (3) - 1.65 (18,23)
28 Diethylnitrosamine 55.18.5 2.97 (3) - 1.09 (18,23)
29 Di-n-propylnitrosamine 621.93.5 2.47 (3) - 2.17 (18)
30 N-Nitrosopyrrolidine 35884.45.8 1.26 (3) - 1.24 (18,23)
31 N-Nitrosomorpholine 59.89.2 2.12 (3) - 1.24 (23)
32 Diphenylnitrosoamine 86.30.6 - 1.50 (3) - 2.28 (18)
33 N-Methyl-N'-nitro-N-nitrosoguanidine 70.25.7 2.23 (3) 0.369 (18)
34 N-Nitrosomethylurea 684.93.5 3.43 (3) - 1.14 (18)
35 Streptozotocin 18883.66.4 3.32 (3) - 0.577 (18)
36 4-Amino-2-nitrophenol 119.34.6 1.08 (27,28) - 1.89 (24)
37 4-tN-Methyl-N-nitrosamino)-1-(3-pyridyl)-1-butanone 2.62 (3) - 2.68 (24)
38 N-Nitrosonornicotine 16543.55.8 2.19 (3) - 2.02 (1)
Esters and carbamates
39 Nitrogen mustard 51.75.2 3.60 (3) - 0.759 (18)
40 Cyclophosphamide 50.18.0 2.66 (3) - 0.851 (18)
41 Dimethylcarbamyl chloride 79.44.7 - 1.50 (3) - 1.82 (18)
42 Methyl methanesulfonate 66.27.3 - 0.559 (3) 0.590 (18)
43 Ethyl methanesulfonate 62.50.0 2.50 (3) - 1.87 (18)
44 Dimethoate 60.51.5 - 0.670 (27,28) - 2.82 (18)
45 Methylazoxymethanol acetate 592.62.1 3.73 (3) - 2.15 (1)
Polychlorinated compounds
46 DDT 50.29.3 0.624 (27,28) - 1.51 (18)
47 Chlordane 57.74.9 1.32 (27,28) - 1.82 (18)
48 Lindane 58.89.9 0.211 (27,28) - 2.15 (18)
49 Dieldrin 60.57.1 1.75 (27,28) - 2.22 (18)
50 Endrin 72.20.8 1.50 (27,28) - 3.15 (18)
51 Heptachlor 76.44.8 1.75 (27,28) - 0.0757 (18)
52 Kepone 143.50.0 1.80 (27,28) - 1.05 (18)
53 Mirex 2385.85.5 2.03 (27,28) - 2.64 (18)
54 Captan 113.06.2 0.509 (27,28) - 1.11 (18)
55 Methoxychlor 72.45.3 0.367 (27,28) - 3.50 (18)
56 3 (Chloromethyl) pyridine hydrochloride 6959.48.4 0.318 (27,28) - 1.81 (24)
57 Aldrin 309.00.2 1.35 (27,28) - 1.82 (18)
58 Aroclor 1254 27323.18.8 0.960 (27,28) - 1.34 (18)

Table continues on following page.
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Table 1. Continued

No. Chemicals CAS Log(OPI)a Ref. Log(UDI)b Ref.
Miscellaneous compounds
59 Ethylene dibromide 106.93.4 1.57 (3) 0.903 (24)
60 4-Nitroquinoline-1-oxide 56.57.5 4.18 (3) 0.386 (12)
61 Ethionine 55.17.4 1.40 (3) - 2.28 (18)
62 Safrole 94.59.7 0.0973 (3) - 1.74 (18)
63 Naphthylisothiocyanate 551.06.4 - 1.50 (3) 1.04 (18)
64 Diethylstilbestrol 56.53.1 3.52 (3) - 1.05 (18,24)
65 1,1-Dimethylhydrazine 57.14.7 0.680 (3) - 3.15 (18)
66 Procarbazine 671.16.9 3.00 (3) - 2.16 (18)
67 Isoniazid 54.85.3 - 0.237 (3) - 1.52 (18)
68 Reserpine 50.55.5 1.77 (27,28) - 0.269 (18)
69 Michler's ketone 90.94.8 0.856 (27,28) 0.408 (24)
70 2-Amino-5-nitrothiazole 121.66.4 0.974 (27,28) - 1.85 (24)
71 Procarbazine HCl 366.70.1 2.57 (27,28) - 2.22 (24)
72 Lithocholic acid 434.13.9 - 0.258 (27,28) 0.297 (24)
73 3-Propionic acid 504.88.1 0.149 (27,28) - 2.05 (24)
74 Nitriolotriacetic acid

trisodium salt monohydrate 18662.53.8 1.02 (27,28) - 3.10 (24)
75 Aflatoxin B1 1162.65.8 4.41 (3) 1.89 (18,21)
76 Aflatoxin B2 7220.17.6 2.35 (3) - 0.229 (18,21)
77 Aflatoxin GI 1165.39.5 3.95 (3) 2.24 (18,21)
78 N',N-Dicyclohexyl thiourea 1212.29.9 0.653 (27,28) - 1.67 (24)
79 Lasiocarpine 303.34.4 2.86 (1) 3.33 (1)
80 Metronidazole 443.48.1 - 0.00573 (27,28) - 3.50 (18)
aOPI = Oncogenic potency index.
bUDI = Unscheduled DNA synthesis index.

Table 2. Predictivity of the autoradiographic determination of unscheduled DNA synthesis.

Probability that r Correlation
Correlation = 0 (two-tailed) coefficient per Probability that r8

Chemicals No. of compounds coefficient r ranks r8a = 0 (two-tailed)
All chemicals examined 80 0.32 p < 0.005 0.29 p < 0.01
Polycyclic aromatic hydrocarbons 5 0.72 NSb 0.60 NS
Aromatic amines 21 0.54 p < 0.005 0.53 p < 0.02
NitrXso compounds 12 0.33 NS 0.41 NS
Esters and carbamates 7 0.01 NS 0.07 NS
Polychlorinated compounds 13 0.14 NS 0.14 NS
Miscellaneous compounds 22 0.40 NS 0.31 NS

a r. = nonparametric correlation coefficient Spearman's rank. Parametric statistical computations according to (30). Nonparametric statistical
computations according to (31).
bNS = p > 0.05

The first result that emerges from our analysis is a
confirmation of our previous observation, related to a

much smaller number of chemicals (1,29). The overall
correlation level seems statistically significant but not
especially high (r - 0.3).

This level of correlation is slightly lower than the
correlation level found for other short-term tests
(2,3,16). For instance, a correlation level of about 0.65
was found for the parameter morphological transfor-
mation of hamster embryo cells in vitro (12), and a cor-

relation level of about 0.57 was found for the parameter
induction of SCEs in bone marrow cells in vivo (2).
However, the differences mentioned above are not

statistically significant and could well be related to sam-
ple variability. When we look at single chemical sub-
classes (see Table 2) we can observe that they are spread
over a fairly large range (between zero and 0.72). Even
so, owing to the very limited number of the samples,
not even the difference between aromatic amines and

esters and carbamates is statistically significant (p<
0.25) (30).
The situation that we have observed for aromatic

amines in this study and in previous works is illustrated
in Table 3. There is a strong possibility that the test
considered in this report is the only one predictive for
aromatic amines. However, the serious limitation of the
small size of the samples remains.
Another important point worth considering in the

framework of this approach, which utilizes the quanti-
tative component of the information contained in gen-
otoxicity tests, is the possible advantage in predictivity
that can be obtained using a battery of tests. We have
already shown that with this type of approach it is pos-
sible to obtain a better estimation of carcinogenicity by
organizing the data according to a multiple regression
analysis (6). In Figure 2, taken from a previous work
(6), the gain in predictivity obtained with a battery of
two or three tests is illustrated. In the ordinatae, the
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FIGURE 1. Relationship between carcinogenic potency (OPI) and po-
tency of response in the DNA repair test (UDI). The four quad-
rants are obtained by dividing both UDI and OPI data at their
median point. The population size for each quadrant is reported,
and also the linear regression line (heavy line) and the correlation
level. Quantitative and qualitative approach in a correlation study
can be compared.

correlation level with carcinogenicity is given. In the
abscissae, the internal correlation between couples of
short-term tests is given. Five double curves are pre-
sented; each curve refers to a different level of simple
correlation (from 0.35 to 0.55). The heavy lines depict
three tests; the light lines depict the situation for a
battery of two tests. Important gains in predictivity can
be obtained with a battery of tests. What is important
is that the different tests employed are complementary
and not merely repetitive. In other words they should
have a fairly low level of internal correlation. We have
already preliminarily explored the correlation level
among couples of different short-term tests

Table 3. Predictivity of oncogenic potency for aromatic amines
in different short-term tests.a

Probability that
No. of rUDI = r of
amines Correlation test examined

Test examined tested coefficient r (p one tailed)
Unscheduled DNA 21 0.54

synthesis
Alkaline DNA 16 -0.14 p < 0.05

fragmentation
Ames test 16 0.25 p < 0.2
Sister chromatid 16 0.012 p = 0.05
exchange

Mutagenicity in 12 0.05 p = 0.08
mammalian cells
'The data concerning other short-term tests and reported in this

table were compared in previous works (1-16).

0 8 S~a

0.6
0

0.5

0.4

0.3
0 0.2 0.4 0.6 0.8 1.0

r23 r.4 * r34 or r23

FIGURE 2. Relationship between internal correlation among tests
and multiple correlation of that battery of tests with carcinogenic
potency. Each curve (heavy lines) is referred to a battery of three
tests with different levels of simple correlation with carcinogenic
potency. Each curve (light lines) is referred to a battery of two
tests. From Parodi et al. (6) with the permission of the editors.

(3,6,8,10,15). In Table 4, we show the relationship be-
tween UDI and other tests already studied.

Unfortunately, both in this case and in the case of the
differences in predictivity observed for different chem-
ical subclasses, potentially important choices ofthe most
suitable battery of tests are rendered impossible be-
cause of the insufficient number of the samples available
for analysis.
As we have observed for other tests, the quantitative

approach utilized here can potentially offer elements for
much better predictions than the qualitative approach.
But most of this promise remains unfulfilled, as a con-

sequence of the fact that too many data are available
for different tests and in different experimental condi-
tions and too few data are available for a few basic,
sufficiently normalized, tests.

It is important to emphasize that we suggest using
the quantitative component of the information obtained

Table 4. Relationship between the unscheduled DNA synthesis
test and other short-term tests.

Probability that
No. of Correlation r = 0 (two-

Paired testsa compounds coefficient r tailed)b
UDI vs. DFI 27 0.13 NS
UDI vs. CBI 27 0.28 NS
UDI vs. TPI 15 0.14 NS
UDI vs. SCEI 33 0.49 p < 0.005
UDI vs. MPI 45 0.69 p << 0.001

aAbbreviations used: UDI = unscheduled DNA synthesis; DFI =

DNA fragmentation index; CBI = covalent binding index; TPI =
transformation potency index; SCEI = sister chromatid exchange
index; MPI = mutation potency index in the Ames test. The data for
other short-term tests that were used for the computations of this
table are reported in previous works (1-16).
bNS = p > 0.05

A iB
14 27I
80

* ~~~I.

26 13 =16.
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from genotoxicity tests where there is a high level of
statistical "noise" and a relatively low level of correla-
tion with carcinogenicity. Our idea is that in this way,
the uncertainty of the prediction is very large but can
be measured (for instance in terms of belt zones of con-
fidence). This is very different from the situation in
which an attempt at a quantitative correlation between
carcinogenicity and mutagenicity was proposed for the
first time (17). Meselson and Russell presented in their
report, as potentially representative of a more general
situation, a regression line between mutagenicity and
carcinogenicity with a correlation level of 0.94! This is
totally unrealistic, and the potential usefulness of the
quantitative component of the information must be con-
sidered and discussed only in the presence of high levels
of statistical "noise."
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